Introduction
============

As survival for neonates with congenital heart disease has improved, concern has shifted to the neurologic morbidity afflicting 5-40% of survivors[@B1]-[@B4]. Global cerebral ischemia, which is related to cardiopulmonary bypass (CPB) and deep hypothermic circulatory arrest (DHCA) used in the repair of cardiovascular defects, appears to play an important role in the neurologic morbidity[@B5], [@B6]. After a global ischemic event, many neuronal cells die by a process called apoptosis[@B7], [@B8]. Currently, neuronal apoptosis is difficult to identify and diagnose for clinical patients. Owing to the limitations in sensitivity and specificity, there is none of prognostic method emerging as a widely used diagnostic clinical tool for irreversible neuron apoptosis. Ubiquitin C-terminal hydrolase L1 (UCH-L1) which comprises 1-5% of total neuronal proteins is a highly abundant neuronal deubiquitinase, a cysteine protease that cleaves small peptide adducts from the C-terminus of ubiquitin[@B9]. UCH-L1 concentration has been reported to be elevated in a number of neurological diseases including aneurysmal subarachnoid hemorrhage, traumatic brain injury, stroke and neonatal hypoxic-ischemic encephalopathy[@B10]-[@B13]. It is unknown that whether the alteration in serum UCH-L1 level could potentially facilitate assessment of neuronal apoptosis following DHCA. Therefore we hypothesized that serum UCH-L1 was a novel useful biomarker to predict neuronal apoptosis following DHCA. In the present study we sought to examine the change in serum UCH-L1 level and then evaluate the relation of UCH-L1 into neuronal apoptosis in newborn piglets with DHCA.

Material and Methods
====================

All procedures were carried out according to a protocol approved by the animal care and use committee of Anzhen Hospital, Capital Medical University. Animals were maintained and received care in Laboratory Animal Care Center of Anzhen Hospital.

Experimental Design
-------------------

Nineteen piglets aged 5.43±0.53 weeks were obtained from Ke-Xing experimental animal breeding center (Beijing, China) and then were divided into 3 groups: 1) sham control, 2) CPB group and 3) DHCA group. Sham control underwent surgical preparation (n=5). CPB group underwent surgical preparation and then hypothermic CPB (n=7). DHCA group underwent surgical preparation and then hypothermic CPB and DHCA (n=7). Blood samples were collected before surgical preparation, at 6 hour and 12 hour after surgery (T1, T2 and T3, respectively). All the piglets were killed by venous injection of 15% KCl (5 ml) after 12-hour survival and then hippocampus tissues were dissected quickly.

CPB and DHCA
------------

Firstly, surgical preparation was performed. Anesthesia was induced with intravenous ketamine (33 mg/kg) and acepromazine (3.3 mg/kg), followed by tracheal intubation, mechanical ventilation, and intravenous catheter insertion. Anesthesia was maintained with intravenous fentanyl (10ug/kg/h) and vecuronium bromide (0.4 mg/kg/h). A femoral arterial catheter was inserted to monitor arterial pressure (M1567A Transducer, Philips, Netherland). Meanwhile, electrocardiography and oxygen saturation were monitor (Servo-i, Maquet, Germany). Blood gases were determined during the whole surgery (i-STAT; Yueda Company, China). Thermistors were inserted into the cranial epidural space and rectum to monitor brain and core body temperatures (Yellow Springs, USA).

Through a right-neck incision, the carotid artery and external jugular vein were exposed, through which cannulae (Medtronic, USA) were advanced to the ascending aorta and right atrium for CPB. Heparin (400 IU/kg) was administered intravenously. After arterial cannulation, 10 ml/kg blood was collected for transfusion after CPB. The CPB circuit used a TerumoBaby RX oxygenator (Terumo, Japan) with an arterial filter (Ningbo Fly, China) receiving oxygen at a rate of 1 l/min and a nonpulsatile roller pump (Renal Systems, USA) flowing at 80 ml/kg/min. The CPB prime contained pig whole blood (100 ml), heparin (2,000 U), pancuronium (1 mg), calcium chloride (500 mg), dexamethasone (5 mg), cefazolin (25 mg/kg), furosemide (1 mg/kg), 10% calcium gluconate (10 ml) and 5% sodium bicarbonate (20 ml). Hypothermia was induced with CPB using ice bags around the head and body. At a brain temperature of 20°C (measured in the cranial epidural space), CPB was maintained for 1 hour and then rewarming was initiated in the CPB group, whereas DHCA was induced for 1 hour in the DHCA group. To rewarm, CPB pump flow and arterial perfusate were increased gradually to 100 ml/kg/h and 38°C, respectively (approximately 40 min of CPB rewarming). After 10 min of CPB, the heart was defibrillated as necessary and mechanical ventilation was resumed. CPB was discontinued when all body temperatures were greater than 32°C.

After CPB, cannulae were removed, protamine (4 mg/kg) was administered intravenously, and the neck incision was sutured closed. The blood collected before CPB was transfused over 1-2 hour to maintain a mean arterial pressure more than 50 mmHg.

Histological examination
------------------------

Hippocampus tissues were removed and washed in PBS buffer. The samples were cut coronally into 2.5 mm blocks and immersed in 10% formaldehyde and then prepared for hematoxylin-eosin (HE) staining. The blocks were dehydrated in ethanol and xylene and then embedded in paraffin. One 8 μm section was cut from a paraffin block and stained with hematoxylin and eosin to determine cell damage. HE-stained slides were evaluated for neuronal cell death (photomicrograph, 400×magnification). The slides were scored semi-quantitatively on a scale of 0-5: 0 = no damage (normal neuronal structure); 1 = rare damage (\<1% of neurons dead; no inflammation or infarction); 2 = mild (1-5% of neurons dead; no inflammation or infarction); 3 = moderate (6-15% of neurons dead; no inflammation or infarction); 4 = severe (16-30% of neurons dead, inflammation, or infarction); and 5 = very severe (\>30% of all neurons dead; inflammation and infarction).

TUNEL assay was performed to evaluate neuron apoptosis (Meixuan Biolodical, China). After conventional dewaxing, section sample was rinsed and TUNEL reaction mixture was added. Section sample was incubated at 37℃ for 60 minutes and then washed. Agent POD was added. Section sample was incubated at 37℃ for 30 minutes and then washed. Add DAB substrate solution at room temperature and incubate for 10 minutes. Apoptosis and immunohistochemistry image analysis were performance using Axioplan 2 imaging system (ZEISS, Germany). Then apoptotic neurons were quantified. Six sections were selected for each sample and five non-duplicate HPFs (400×magnification) were selected for each section. The number of TUNEL-staining positive cells in each HPF was counted and the average of the number of apoptotic cells in each section was used.

Western Blotting
----------------

Frozen hippocampus tissue was homogenized in lysis buffer containing protease inhibitor cocktail purchased from Sigma (50 mM Tris-HCl, PH=7.4, 150 mM NaCl, 1 mM EDTA, 10 mM DTT, 0.1% SDS, 1% NP-40). The lysates were incubated on ice for 30 min and then followed by a centrifugation step at 17,000 g for 15 min at 4°C. The supernatants were collected and subjected to the Bradford Assay for protein concentration quantification (Thermo Scientific). Proteins were then added to modified Laemmli sample buffer contained DTT (150 mM final concentration) instead of 2-mercaptoethanol and denaturated at 95°C for 5 min. We loaded 20 μg protein into each lane on 10% precast Mini-Protean® TGXTM gradient gels (Bio-Rad). Proteins were transferred on to nitrocellulose membrane in 20% methanol transfer buffer with Criterion Blotter for 1 h at 100 volts. Membranes were blocked in 5% non-fat milk in PBS-T for 30 min. Bax antibody (1:200, Santa Cruz), Bcl-2 antibody (1:200, Santa Cruz), β-Actin antibody (1:500, Santa Cruz) were used for immunoblots. Secondary IgG horseradish peroxidase-linked whole antibodies from Donkey (1:5000, GE Healthcare) were used. Detection of protein was performed using AmershamTM ECLTM Prime Western Blotting Detection Reagent (GE Healthcare). Bands were visualized with ChemiDocTM MP Imaging System and quantified with quantity One software (Bio-Rad).

UCH-L1 Detection
----------------

Blood samples were collected from each piglet and then centrifuged for 10 minutes at 4000 rpm. Blood serums were immediately frozen and stored at -80℃ until the time of analysis. All blood serum samples were analyzed in duplicate and measured using a standard UCH-L1 sandwich ELISA (Rapid Bio Lab, USA) protocol as described previously[@B14]. Blank control was set up using distilled water and UCH-L1 standard curve was made (0.05 - 50 ng/well). UCH-L1 values of serum samples were calculated by comparison with standard curve.

Statistical Analysis
--------------------

All data were expressed as mean±SEM. One-way ANOVA was used to analyze the data among three groups and then bonferroni correction was performed for multiple comparisons. Independent t-test was performed for comparison between two groups. The receiver operating characteristics (ROC) curves explored the relationship between neuronal apoptosis and UCH-L1. Difference was considered statistically significant when *P* \< 0.05. All statistical tests were performed using SPSS software package 16.0 for Windows (Chicago, IL).

Results
=======

Physiologic data
----------------

There were no significant differences in body weight among three groups (10.4±0.7 kg, 9.9±0.6 kg and 10.9±0.8 kg, *P*\>0.05). CPB cooling and rewarming durations were similar between CPB and DHCA groups (29±8 min vs 28±9 min, 42±11 min vs 41±10, all *P*\>0.05). The whole surgical durations for CPB and DHCA groups were 147.6±11.5 min and 154±14.2 min, respectively (*P*\>0.05).

Neuronal apoptosis
------------------

Neuronal cell death in DHCA group was severer than CPB and sham control groups (Figure [1](#F1){ref-type="fig"}). TUNEL assay showed that neuronal apoptosis was apparent in DHCA group whereas neuronal apoptosis was not observed in sham control group and rarely in CPB group (Figure [2](#F2){ref-type="fig"}). Neuronal death scores were significantly increased in both CPB and DHCA groups compared to sham operated control (Figure [3](#F3){ref-type="fig"}A). Furthermore, the neuronal death was more pronounced in DHCA compared to CPB alone (3.2±0.5 vs 1.6±0.7, *P*\<0.05, Figure [3](#F3){ref-type="fig"}A). The number of apoptotic neurons in DHCA group was much greater than CPB and sham control groups (28±9 vs 18±7 and 2±1, all *P*\<0.05, Figure [3](#F3){ref-type="fig"}B). The Bax protein expression did not change among three groups (*P*\>0.05, Figure [4](#F4){ref-type="fig"}). However, Bcl-2 expression was significantly decreased in DHCA group (all *P*\<0.05, DHCA vs CPB and Sham control, Figure [4](#F4){ref-type="fig"}). Hence, Bax:Bcl-2 ratio was increased in DHCA group (all *P*\<0.05, DHCA vs CPB and Sham control, Figure [4](#F4){ref-type="fig"}).

UCH-L1 level
------------

There was no significant difference in UCH-L1 levels at T1 among three groups (Figure [5](#F5){ref-type="fig"}). DHCA group had highest serum UCH-L1 level and sham group exhibited lowest serum UCH-L1 concentration at both T2 (0.32±0.04, 0.25±0.03 and 0.18±0.03 for DHCA, CPB and Sham control respectively, all *P*\<0.05, Figure [5](#F5){ref-type="fig"}) and T3 (0.48±0.04, 0.34±0.04, and 0.19±0.03 for DHCA, CPB and Sham control respectively, all *P*\<0.05, Figure [5](#F5){ref-type="fig"}).

Relation of UCH-L1 into neuronal apoptosis
------------------------------------------

Significant positive correlation was observed between UCH-L1 level and the number of apoptotic neurons (*r*= 0.78, *P*\<0.01, Figure [6](#F6){ref-type="fig"}). The ROC was used to explore the relationship of neuronal apoptosis with UCH-L1, Bax and Bax/Bcl-2 ratio. The area under the curve were 0.88 (95% CI: 0.74-0.99; *P*\<0.01), 0.71 (95% CI: 0.47-0.92; *P*=0.11) and 0.81 (95% CI: 0.81-0.96; *P*\<0.05), respectively (Figure [7](#F7){ref-type="fig"}). Using a cut-off point of 0.25, the UCH-L1 predicted neuronal apoptosis with a sensitivity of 85% and specificity of 57%.

Discussion
==========

Our findings reported the morphologic and histologic outcomes similar to those in prior investigations[@B7], [@B8] but yielded evidence for UCH-L1 to predict neuronal apoptosis following DHCA. Our study provided the evidence of apoptosis after DHCA, including the presence of damaged neurons with apoptotic structure and TUNEL positivity, as well as the expression of pro-apoptotic factor Bax and anti-apoptotic factor Bcl-2. More importantly, this study demonstrated serum UCH-L1 level, as an easy and quick biochemical index, can predict DHCA-induced neuronal apoptosis and the elevation in UCH-L1 concentration is consistent with the severity of neural apoptosis following DHCA.

DHCA has been used as an adjunctive therapy with CPB to facilitate repair of complex congenital heart defects since 1970s. This technique provides a bloodless and uncluttered field for surgeons. With increased survival rates after the complex cardiac operations, obvious neurodevelopmental sequelae have been observed during long-term follow-up[@B15]-[@B18], suggesting hypothermia-induced neurologic protection was incomplete during DHCA. After a global ischemic event induced by DHCA, neurons in the neocortex and hippocampus are selectively vulnerable to death. Previous findings with a newborn pig DHCA model suggest that cell death occurred as early as 6 hour after DHCA with a peak at 24-72 hour and many neurons in die by apoptosis [@B7]. Apoptotic cascade was initiated as soon as 1 hour after reperfusion and continued for 72 hour after DHCA[@B7]. Neuron death and the apoptotic cascade both diminished by 1 week after DHCA[@B7]. Our model simulated neonatal heart surgery with CPB and DHCA. CPB was used to induce hypothermia and support circulation. We found that neurons in hippocampus were selectively vulnerable to die 12 hour after DHCA, many of which were apoptotic. However, cell apoptosis were not observed in hippocampus in the sham control group and were rarely founded in the CPB group.

This study showed that Bcl-2 expression was decreased and the Bax:Bcl-2 ratio was increased after DHCA. The Bcl-2 protein functions to prevent apoptosis whereas Bax protein functions to promote apoptosis[@B19]-[@B23]. The ratio of Bax:Bcl-2 dictates whether a cell will respond to proximal apoptotic stimulus. The function of Bcl-2 as anti-apoptotic protein has been explored to be via inhibition of the apoptotic cascade at a level above the interleukin β converting enzyme (ICE) group of protease[@B24]. Bcl-2 is usually distributed at the outer membranes of the nucleus, the endoplasmic reticulum, and the mitochondria[@B25]. Therefore, Bcl-2 may exert its protective effect by maintaining the integrity of these membranes and regulating calcium influx, which could be a mediator of DNA fragmentation. In our study, DHCA may stimulate neuron apoptosis by inhibiting Bcl-2 protein expression.

UCH-L1 is a neuron-specific enzyme and exists in two forms, a soluble cytoplasmic form (UCH-L1C) and a membrane-associated form (UCH-L1M). Deletion of the four C-terminal residues caused the loss of protein solubility, abrogation of substrate binding, increased cell death and an abnormal intracellular distribution. UCH-L1 has been identified previously as an index for neuronal cell injury under different neurological conditions[@B12], [@B13], [@B26], [@B27]. UCH-L1 elevates at a very early time point, usually within 12 hours after neuronal damage. Therefore, potential neuro-protective strategies might be very effective[@B14]. Some studies support that UCH-L1 expression regulates neuronal apoptosis[@B28], [@B29]. It has been reported that UCH-L1 is detectable in human serum following acute brain injuries induced by cardiac arrest[@B30], [@B31]. Cerebral ischemia disturbs functional and structural blood brain barrier (BBB) integrity and damaged neuron may release UCH-L1 into circulation via injured BBB after global cerebral ischemia[@B32]-[@B35]. The focus of the current study was to evaluate the relation of serum UCH-L1 level into neuronal apoptosis following DHCA. Remarkably, the data showed that DHCA group had highest serum UCH-L1 level and CPB group had higher serum UCH-L1 level than sham control within 12 hours after surgery. Significant positive correlation was obtained between serum UCH-L1 level and the severity of neuron apoptosis. The prediction of serum UCH-L1 level for neuron apoptosis at early time point had high sensitivity and mild specificity by ROC analysis.

Serum UCH-L1, an easy and quick measurable biomarker, had high sensitivity and mild specificity for the prediction of DHCA-induced neuronal apoptosis, which may be combined with neuro-radiologic methods to improve the diagnosis, prognosis and experimental therapeutic evaluation. Moreover, an elevation in UCH-L1 concentration is consistent with the severity of occurrence of apoptotic neuron death after DHCA. Future research should be directed at validation of serum UCH-L1 biomarker in large, well-designed studies.
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![Neuronal death in hippocampus. A. sham control group; B. CPB group; C. DHCA group. Necrotic cells were identified by a pyknotic nucleus or no nucleus, along with a swollen, eosinophilic cytoplasm whereas apoptotic cells were defined by the presence of nuclear karyorrhexis and minimal cytoplasmic change.](ijmsv12p0576g001){#F1}

![Neuronal apoptosis detected by TUNEL analysis. A. sham group; B. CPB group; C. DHCA group. Neurons containing brown yellow granules in nuclei were considered as positive apoptotic cells.](ijmsv12p0576g002){#F2}

![**A.** neuronal death score. Neuronal damage score ranged from 0 to 5, representing normal structure to severe damage, as observed on HE-stained slides. **B.** apoptotic neuron quantification. Values are mean ±SEM. \**P* \< 0.05 vs sham group, ^\#^*P* \< 0.05 vs CPB group. n=5 for sham control, n=7 for CPB and DHCA groups.](ijmsv12p0576g003){#F3}

![Bax and Bcl-2 protein expression by immunoblot analysis. β-Actin was used as endogenous control and calibrator. Values are mean ±SEM. \**P* \< 0.05 vs sham control, ^\#^*P* \< 0.05 vs CPB group. n=5 for sham control, n=7 for CPB and DHCA groups.](ijmsv12p0576g004){#F4}

![Serum UCH-L1 level. T1, T2 and T3 represented the time points before surgical preparation, 6 hour and 12hour after surgery, respectively. Values are mean ±SEM. \**P* \< 0.05 vs sham control, ^\#^*P* \< 0.05 vs CPB group. n=5 for sham control, n=7 for CPB and DHCA groups.](ijmsv12p0576g005){#F5}

![Positive correlation between serum UCH-L1 level and the severity of neuronal apoptosis. Pearson correlation analysis was performed. *r*= 0.78, *P*\<0.01.](ijmsv12p0576g006){#F6}

![Sensitivity and specificity of prediction of UCH-L1 for neuron apoptosis. ROC analysis was carried out. The AUC were 0.88, 0.71, 0.81 for UCH-L1, Bax and Bax:Bcl-2 ratio, respectively.](ijmsv12p0576g007){#F7}
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